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AIN’I’RACT

CIMI ~,c-coupled dc.vices (CKlh) have been used extensively in the past iII slar trackers and fine guidance  syslcm. A new
tccltncdogy,  the active pixel scasor,  is a possible successor to CCDS. This tcchno]ogy  potcatially  features the same
sclisitivity  and pufo]maacc  of l]IC UN will) additional improvclnc]lts, ‘1’lICSC  improvements i]~clu(ic random access
capobi]ity, easy \\’illdo\\’-of-i1]tcrcsl  readout, ]~on-dc.structive readout for siglkal-lo-noise improvement, lli~h  ladia[ion
tolclallcc,  simplified clocking voltages, aad easy inlcr,ralion  with other on-chip si~aal proccssinc  circuit]y.  “J’IIC s[atc-of-
tllc-al  I of this cmcrgiag  Icchaology and its potcatial  application to ~aiclancc  and navi~,ation  sys[cms  is discasscct.

1. lN1’JtODUC’J’JON

Spaccclaf[  guidaacc and attitude control sys[ans today typically employ a SC1 of cclcstial  scasors  to cslablish  tllc spacccraf[’s
01 ic]ltatioll  with respect to a planetary body 01 the fixed incl iial frame provided by tllc sun aad stars. In ma[~y cases this sci
iacludcs a s[ar tracker capable of providing two- or thrc.c- axis attitude information by dctcmining the cc]llroids  and
IIIcIcby cstablishiap,  (I1c relative position ifonc or more gaidc  stars ~vithin  its Ilcld of~’icw.

“1 ‘rackcu chalactcrislics  a ad opcrat  ions tcad to bc strongly ll~issioll-dc~w.~idc.l~t, ‘I”ilc upcomin~ Cassini  nlission  to Sal al 1]
Icql]ilcs  a tlackcr  capab]c of providiag four ale-second poiatiag accuracy by trackiag tllrcc  s[ars of ]I]ar,l]itudc  5.8 or
bri~,ht cr over a 15-18 dcglcc  field-of-view. Mass of the tlackcr  is to Lx no more tl~an ]Iinc kiloglams  and po\vcI
col~sull]ptio]l  is not to cxcccd 12 watts. II) cantras[,  preliminary studies of a I)IUIO fly-by  mission suggest the tracker’s
poillti]lp,  acca[acy caa bc relaxed to 40-arc sc.conds, but it nmst  now weigh no more than 0.5 k~ aad coasulllc  lCSS  than 5 W.

Selection, lnodificrr(ion  or dcsiga  of a star tracker is thus a matter of idcntifyiag,  wciglii]lg and often compro]nisiag  aamng
a Immbcr  of competing rcqaircmnts  and constlaim,  as indicated schematically ill Iiig, 1.,<

la maay ias[anccs,  a small number of the rcquircmcats  or practical conslrai]lts  arc vcr~’kip,htly rcs[riclcd  and thus define the
s(a]til~{;  point for tllc sclcctioa/dcsi~l]  process. Ciivc]l  the lli~hly  coupled, intcrac[ivc  nature of tllc rcquirc]l]c~lls,  colls[raints
al]d Ihcir physical manifestations, this process oftcll iavolvcs  a nulnbcr of itclations  before an acceptable solution  appeals,

‘1’l]c O])C uaifying tllcalc  for the carrcllt gcncratioll  of slar trackers is tllc  usc of a t\\’o-di]l~cl]siollal  CCI) focal-p]allc  array,
usaal]y  colltaillin~  o]l tllc oldcJ of512xS12 pixels. l)uriag the late 1970’s ad early 1 980’s, low noise, }Iif,ll sensitivity, Jfridc
dynamic ]aa,ge CCI)S were dcvclopcd for scientific imaging app1icaiions]J2. It soon bccamc apparclll  that ihe CCl)s’
con~billatioa  ofcontlol  flexibility and pcrformaacc  attributes made it aa attractive altwrlativc  to imacc disscc[or tubes as tllc
basis fol illla:iag  star tlackcrs3~4>5~6~7~8.

(El) ’s, tl)ough,  arc not without problems or limitations. ~’hc Achilles’ heel of CXD tcchnalof,y  is fundan~cntal  to its
opclatio]]  -- IIIC ]Iccd for the pc]”fccl traasfcr  of chatf,c  acloss  mac~oscopic dislanccs  throq:h  a scll~ico]duclor.  AltlIoIIf,lI
CC] )s IIavc bccmnc  a tcchaolo~y  of choice for plcscat-day  itl]~)lcll]c[ita[iotl  of ilnaging  and spccttosco])ic  instl ulncl)ts, it is
}1’cll-kltowt  that tl]cy ale a p;ir[iculally  di~lcult  tccliaalogy  to ]nas(cr. ‘1’lIc  ]Iccd for ]Icar-pcrfccl  cllargc  ti-aasfcr cflicicllcy
]nalics  CCI)S  (1) ladiatioa  “sof[,” (2) difflcuIt  to rcploducibly  maml~~cturc in Iarg,c array sires, (3) incolnpatiblc  }vith the
ol]-clli}) clcctrol]ics  iatcglatioa  rcqai]cnlcats  of ]ailliaturc  ias[rulllcllts,  (4) clifflcult  to cxlcnd  tllc spcciral  Jcsponsi\’ity  ra!~p,c
ll~Iou@i tlm usc of altcritativc  materials, and (S) lilnitcd in ll}cir readout rate. A nclv iauip, i]lp, SCHSOI  tccllnolof:y  tlml
l)ICSCI \CS tllc positive a[[libatcs  of tllc (XX) yet clill~inatcs  tllc need for cllargc  tral~sfcr  could quickly cc]ipsc  tllc (’(’1).
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III (Ilis }xIpc I, the active pixc] sclmw (A1’S) tcclllmlo~y  is ctiscusscd,  7’lIc aJ@icatioll  of APS tccl)aolof,y  to the IIccds of
f,uidancc.  and mvip,at ion start rackers is coasidc] cd and the potential actvanta~cs  of t hc APS technology arc explored.

2. ‘1’111:  ACI’l VIC I’IXIC1 , SJtNSOll  CONCILYI’

Colltinucd  advanccnum[  in I]licrolitl]ogr:{]}l]y  feature sim rcduclion  for the production of semiconductor circuits such as
I)RAMs aIKl nlicIopIoccssors  since the im’cntion of IIIC (Xl) in 1970 enables the consideration of a lw’ image scasor
tcclll)olo[:y,  called the Active Pixel Sensor (AT’S)9.  IH [Ac ww A1’,Y  cmmpt, OIJC or more nclive  frcm.fislors me infegtw[cd
it]to [l/c pixel of m imaging  defector orrcry, awl buffer  ihc pl)ohsigtml m well os drive lk rerdout Iims. At any ins[ant,
only onc low’s  ti-ansistors  arc activated, so that power dissipation in the APS is app]”oximatcly  that of the CCI).  “1’hc
pl]ysica]  fill-factor of the AI’S can bc approximalc]y  50% or higher, and the usc of oa-cllip microlcnscs  o~ binary optics can
illclcasc  tl)c cffcc[ivc fill-factor to over 80°/0.  Sensitivity, nxld noise, and dynamic rancc arc similar to tlic CCII.  7’lIus, tl)c
AI’S pI C.SCI  vcs the hiflh pcrfol mancc of the (XX) but eliminates lhc need for charge transfer.

Tllcrc arc a nmltituclc  of ways to implcmcn[ an active pixel sensor but there arc primarily two types, latc~al A1’S structures
ald VCI Iical SII uctum. In Ihc latclal  slructurc,  tllc  pllotosilc is adjacent to the rcaclout transistors. “J’his structure si]l]p]ifics
tl~c fabrication ploccss and allows somewhat separate optimization of tllc  plmtoclctcctor  al~d readout transistors. q“llc
pcjml!y  fo~- this ]atitudc  is a rcduc[ion in cfl’cctivc  till factor. la Ihc vertical A]% structure, the photodctcclor  is vertically
intcp,t atcd with readout transistor(s). lly stackiag  the these dcviccs  together, tltc  pixel si~.c can bc rcctuccd  and t IIc cflcctivc
fill factor Iclnaills  high.

A silil])lc  cxamp]c  of an active pixc] is illustrated below. In this example, a lalcral  APS s(ruc[urc  that rcscah]cs  a sl~orl
(X2) is shown. Charge is intcgl atcd under the photogatc  PG. ‘1’o read out the signal, the pixel is sclcctcd  using t Iansistor
S. ‘1’lIc output noclc is ]csct usinp, traasis[or  R, ‘1’hc sigylal charge is then transferred from under PG into I1]C output node.
‘1’IIc clml]~c  in the source follow’cr voltage bcl~vcca the reset ICVC1 and final lCVC1  is the output signal fro]l~ the pixc]. ‘1’hc
source fc)]lowcr n~i@It drive a column line tcrlniaatcd  with clamp and/or  sample-hold circuits. ‘1’licsc colu]nn-parallel
ci t cuits  can IIICII bc seamed for scriaI  readout of tlw sensor. Since the illustrated APS requires only a single illt ra-pixel
cl)alp,c ttansfcr,  IIMny  of tl]c problclns  associated wit]] cllarp,c trallsfcr  ill CCIM arc climillatcd.

mR+ ‘- J} ’1, is cxploriag  this type of structure fabricated in stanclard  foundry
1’(; CMOS technology. A 40x40 miclon pixel confrgurcd i]~ a 28x2S

1 . ..—+ array was designed, as shown below, Row and column  dccocicrs-.—. .
~.- .—-. — .:% ~– were formed using standard C.MOS dip, i{al lo~ic.  ~’hc sensor \vas

I ~: s_,
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I +

adctrcsscd  a tow at a time. TIJC reset lCVC1 and si[;nal  lCVC1 MCIC
111 captured using two salI@c aal’holct  circuits. ‘1’hc output of these

\.. .*. .*.e. .o ++! circuits was scaalwt by scquc]itially  addressing the columns. ‘1’hcp,.,..]~,:.::,j out~)ut alllp.  illlap,c sc]~sor  ~~as fafiricatcd by a  founclry  atlcl tcs[ccl a t  J1’1,.
Opcra[ion  requires the input of digi(trl  X and Y pixc.1  adctrcsscs  as. ..———
well as pulsing the photogatc  and samplcllolcl  ~atcs. All input

l’ig,  2, Schc]l~atic  illustration ofa latclfil  APS pixel. sigl)als  were ‘l”J”l,  compatible, c.g, O and 5 volts. ‘1’hc ill]a~,c sc]]sor
u’as opcr atcd at a pixel rate of approxi]lmtcly  0.5 mcgaJ>ixcllscc.  ‘1’llc
chatgc to volts.gc coavcrsion ra te  \vas  cs~imatcd  to bc 4.0

pV)clcclron with a wturation  lCVC1 fol this surface-chaanc] dcvicc of approximately 600 nlV. IJixccl  l)allcrn  ltoisc was
observed to bc approxia~at@y  1.SO/~ full-scale ancl can likely bc rcduccd by an orclcr of nlagnitudc  by improvccl  o]l-cl)ip
si~llal  processing. A layout oflhc pixc] USCCI in tllc cxpcrimcl]tal  sensor is shown  below. While tltis chicc used {ics[ructivc
~cadou( ~t’itll a floating ditTosion sense alnp]ificr,  a noa-dcs(ruclivc  float  ins-ga[c  sense alnp]ificr  1):+s also bccl]
dcllmllstlatcd,  l:ur(hcr cfforls using  stanclard  CMOS arc aill]ccl  at dcmons[rating  a ca])~cra-cm-a-cl)ip  for usc ill fututc
I]licloslmccclaft  applicalioas, The camera-on-a-chip will include an on-chip All) convcrlcr 10 10 allow  a full di~ital
illtcl  face \\’itll  external circuitry.
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liip,, 3. Schematic layout ofthc J1’1,  ~MC)S
Al’S. Fill factor is approx, 25°76.

Much more sophisticated ac(ivc pixel s(ruclurcs  arc bcifl~ pursuccl
clscwhm in ol-dcr to achicvc  small pixel size rind high fill factors. l~or
example, ~’oslliba  is usinc ils  double-~atc flontin[;  surface transistor to
inclcasc tllc scnsi(ivity  of the output anlplificr  to 200 pV/clcct  IoII 11 ,,0
rcducc Ilic pixel size, the charge s~orap,c  area can bc located vertically
ullclcr  the (or over) the tcadout  transistor. I’hc prcscncc  or abscllcc  of
photo-gcnclakd  charge can bc used to ]nodu]atc tlIc rcadoul trallsis[or
outpu(  signal. l’his approach is used by Olympus in its char~,c
modulation dcvicc (~M[ )) aJy~roach  to aclivc pixc] sc]~sors ‘2. q“cxas
]llStllllllCllk  (Japao)  is using  a bulk cllargc  modulated dcvicc (ll~h41))  in
a hexagonal packing format] 3. A furlhcr reduction ill pixc.1 si~.c can bc.
enabled if the CWCII[ flow in the oulJmt transistor is Wrlical  lat]vU tilan
horizontal so that the subs[ratc  ac[s as onc of the Irallsis[or  Icrmina]s.
3’l]is  approach is used by Olympus in its slalic  induction transistor (S1”1’)
AI’S dcvicc]  4. A vcr[ical bipolar approach is used by canon in its basc-
slorcd image scmsor (HAS] S) 15. l’hcsc  technologies arc all I)on-
dcslruc[ivc  in their rcadou( of the pixel allowing ]nul[iplc  sampling of the
photosiglia]  for inlprovcd SNR

‘1’IIc fill factor of APS tcchno]ogics  arc generally slnal]cr  than that of full-
flalllc  CX3~s. T*1Ic usc of on-chip microlcnscs,  already incorImatcd  ill
commc]cial  interline CXD produck  (e.g. Sony, Kodak)  can lx used with
AI’S dcviccs to bring their cfkdivc  fill factor to same lCVC1  as a full-frame
CT] ~. ‘l$hc micl-olcnsc  conccpl  is shown bc]ow.

1 {ac]t  of these technologies has its own SCI of advantages and
clisadvantaccs.  Fixed pattern ]Ioisc is generally a common  concern but
can bc climinakxl  through on-chip signal processing. The fixed pattern
noise. arises CIUC to thrcsl]old  voltage ]lon-unifo~lnitics  across a large area
il}m?,c  sensor, Since output amplifiers track tllc threshold voltage of the
output tla]lsistor,  the APS is sensitive to this  offset pattc[m clamp
ci]cui(s  can bc used to ncar]y eliminate tliis  phenomenon, At the plcscnl
t iulc, only tl~c JP1, APS is 100°/0 CMOS compatible. 1 ]owcvcr,  many of
the other technologies arc amenable to integration with CMOS (utdikc  the
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Iiig, 4. Schematic illustration of on-chip
microlcns  array to incrcasc cffcctivc  fi 11-fac[or.

case wi!h CXIX) and thus cnab]c (1)c co]widcration  of low-power, low-voltage on-chip ‘clccironic  cii-cuitly.,,

3. Al)])] ,1 CAI’1ON OIC ‘I’l IE Al% CONCIW1’ ‘IO S’J’AR ‘1’RACKRJM

1]) discussing the application of A1’S tcchnolosy  to star trackers, it is assunlcd  that the APS tccllllology is a ~MOS-
cml]pat  iblc tccllnology. I’llcrc arc two aspcc[s  of AI’S tcclmology tha( ]nakc of particular impor[ancc  to star tlackc~
ii~l}~lic:~tial],  the.sc arc cuslomizrtion  and ll]il]iat[]ri~atiol~, III addition, the potential for in-pixel proccssillS  allotvs tllc
cmlsidctation  of significant cvolu[ion  in the rcali~.aticm of star lrackcrs.

3.1 (hstonlizatio]) .

h4a11y applications demand lon~ lifetime, high rcliabi]ity  star  trackers, ‘1’his places similar clcnlanrls  OIL tllc  tlackcl
ccmlponcnls, notably  the detector arl-ay and the associated drive and processing clcclronics.  ‘f ’raditionally,  these rcliabili[y
] ccluilcnlcnts  have dictated the usc of a rather sc.lcct  list  of space-qualified paris. I’o acllicvc  their space-c]uali ficcl s(at us,
tlicsc  paI IS llavc undergone cxtc]lsivc test and analysis, as cvidcnccd by hundreds of pages of carcfu]  doculncn[ation,  Not
SUII)I  ising]y, the costs of qualifyil)g  a ncw parl can easily ruo several hunclrcd  thousand and even ~\Icll  o~’cr a n]illioi~
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dolla Is. (kmscqucn(ly,  the list  of available fully qualified (so-called Class SA) parLs is comparatively small  and ~cl)crally

I cprcscllts Solwwhat dated tcclInoIof’,y.

As mi~ll[  bc cxpcmxt,  the lis~ of qualified CCDS reflects the above ploblcms:  it is nci[hcr  cxtmsivc  nor par[icular]y
IcpIcscnta[ivc  of tbc current CCD s(atc-of-the-ar(. Dcspilc llIC fact that 4096 x 4096 pixel CCIM fiI S( appcarul  in tbc
1 ilc] alurc several years ago] 6 and tliat 2048 x 2048 ariays arc now comn]c~cially  available, no siar tt”ackcr yc~ flown has
cmp]oycd an arlay of more than 512 pixels 011 a side. ‘1’hc first Irackcrs to employ a 1024 x 1024 ar~ay, c.g lhosc m bc
usc(i oli the Cassilli  mission, will not bc flown until some time in 1997.

I’lIc Ilccd to “nlakc do” with a small  and dated parts list manifcsls  itself in pcrformancc, power comunq)tion anct/or mass
sip, nificantly  worse than might bc realized with state-of-tbc-al-t COIWOIICII(s.  ‘I*1ICSC  shor(comin~s  arc furibcr magni  ficd in
t hc msc of ccntcrpiccc  dcviccs  such as mic~oploccssols  or (X2X, WIIOSC limitation arc nc.ccssar  ily p~opas~tcd throuF,b a
cas[ of supporting and peripheral park.

Application-Specific IMcgratcd Circuits or ASICS, licld-I’rogrammablc  (iatc Arrays and related dcviccs  appcat  to bc on tbc
VCI F,C of both expanding and updating the electronics side of tbc parls list. 1]] some sense, tlicsc dcviccs rcprcscnt
qualification of a process, i.e. a library of subclcmcnts,  connection rules, materials and fabrication proccdurcs, ratlwr  tlma a
spcci f]c pari,

A1’S  lccbno]ogy  could do the same for dctcclor  arrays. A qualified AT’S library would allow dcsig,ncrs  to optimize a scltsor
for tllcir application rather than adapt tbcir  application to make usc of onc of tbc few available sensors, A set of small,
al)l)lica[io]l-slxcific  changes to an exis[ing  scllsor, untl]inkab]c  in the context of tbc associated rcqualiflca!ion  costs  for an
otherwise available CCIJ, could easily bc imp]cmcntcd  ill an ASIC-like APS array. And, apart from tbc non-rccurl  il[g
cn~illccrii)g  costs associated with any ncw dcsig,n,  a completely new, application-specific, flight-ready AI’S an ay could bc
]MI clmscd for lit[lc more than the cost of an cxis[ing  dcvicc based on the same AT’S process,

1 II pI illcip]c,  a similar argumcnl  mi~,ht bc at[cn]ptc,d on behalf of CCD tccbnology:  could not au ASIC-like CCIJ process bc
dc}’eloped and qualified? Pcrllaps,  but onc is again cmfrontcd  with both ll~c rather diflicult,  narro~vly-focused  nature of
CCI ) dcvicc  technology and the C’1’E-related design, prowssing and radiation scmitivity  of (Xl )s. Whereas the CMOS
V1 ,S1 technology of ASICS and AI’S dcviccs  has applications suflicicnlly  numerous and widespread to supporl “silicon
foul~dl-its” specializing in limited production of custom designs, the tcchno]ogy  for reliable fatrricatioa  of lligl~-~~rforll]al~cc
C(3 )s is quite specific to CCDS. Purtbcr, .givcn the CC] 1’s CTW-drivca  sensitivity to change of dcsi~o or cnviroamc]it,  ii’s
110[ ill]nlcdiatcly  clear how onc would go about cons[ruc[ing  a usefully flexible sci of ASIC-like CCIJ dcsi~n rules. In the
almlcc  of a very comprchcnsivc  test and analysis program, how could onc bc assured that  even a sccmiagly  small chang,c
in a C(3) array would  not have a sigliificant  negative impact  on dcvicc  performance or!~cliability?

r,

3.2 Rlinia[llrization

A1’S conlpatibility  wit})  CMOS V1 S] wit] also allow a sigl~ifica]lt  amounl  of the supporting co]ltrol  and processing
elect] onics to bc intc~ratcd on-chip  with tbc detector arl ay.

Iixalnplcs  of this  high-level illtcg~ation  have al~cady appeared in the litcra~ulc. 2’lIc Multi-port Array plmto-Rcccptor
systc]l~  or MAR scItsor17  incorporates several sl~if~ registers, an analog  multiplcmr  and dccodcr  buffers ~vitl) a 128 x 1 ? S
AI’S anay of hexagonal pixels. Mcndis,  ct al.,18 dcsclibc  a chip that integrates a 128 x 128 APS arlay with a SC( of row aacl
coluaNI sclccl)drivc  electronics, a digital multiplexer a]]d a set of 128 siglna-delta analog-lo-digital cowcrtcrs.

V1 ,S1 Vision 1,td. (VW, ) has rcccatly  annouliccd  a commercially avai]ablc  ca[l]cra+[l-a-cllil),  based on tcchnolor,y
dcvclcq)ccl at the ll]iivcrsity  oflldinburgh]g. A 312. x 2.87 pixc] scnsol  array is iutc~tatcd  wi[h a!]alo~  ald dip,i(al circuitry,
including au[olnatic  exposure and gain control, to gcncratc a standard nlomchromc output sifyal.  ‘1’hc unil, knowl]  as IIIC
l’cacll,  JI]c:isulcs  OIIIY 35 mm i]i dialnctcr  acloss its housing and draws  OIIIY 40 n~A under a 7S ohln 10X1 from a rcg,ulatcd 7-
10-1 ? \~l)C c.xtcrllal  ~upp]y.

c(mt) ])(11  )(’)’ 30, 1 99.;



“1’l)csc al]ct silllilar  dcvclopmcl]ts  indicate the size, as WCII as acconqmnyin~  mass and power, tccluc[ions  possible with Al’s
tccllnology.  Such rcductiom  will lx incrcasing]y  important as the trend toward  spaccclafl  downsi~.iw continues: whc~cas
the Voya?,cr spacecraft stood some S mctws tall  and wcighcct over 800 kg, and Cassini  will stand OVCI 6 ]mtcrs and is
plojcclcd  to weigh roughly 2150 kg dry, studies for a 1’lu(o Flyby mission haw sug~csled  1 meter tall SP8CCCI  aft with a wet
moss ofpmhaps  150 kg,

‘1’hc l~igtw Icvcl of on-chip intcgl-ation  will also rcducc  the number of cxlcmal  interfaces and amount  of wiring rcquircci,
which may in turn  have a prxitivc impact  on reliability.

3.3 111-pixel signal  coll(litioflill~j)  t”occssillg

I{y clcfil)ition,  APS dcviccs  incorporate onc or more aclivc  transistors within each pixel. As a mull,  each pixc] is ab]c to
conditio]~  and pcrllaps  even perform limited processing on its rcccivcd phoiosi~nal.  “J”llis  sinlp]c ability has the potential to
dla]lmlically  altc~  tl]c i]l~J]lci~~cllt:ltiol]  of a number of existing functions and to open the door to a wide Mlip,c  of ncw
possibilities.

Simplified windowil~g

After acquiring, and identifying the requisite mnnbcr of stars, trackers will g,cncra]ly  switch to a ~vindo~villg mode of
opct atioli4’6. III this mode, each of the sclcdcd  guide stars  is cncloscd in a window containing, a rclat ivc]y small number,
c’. F,. 5 x S, J)ixcls.  ‘1’his  allows a CU tracker to clock rapidly through the vast majority of unimportant pixels, usually at
ra[cs of ]llcgaJ~ixcls pcr sc.cond, slowing only WIIC]) a c1 it ical date-bearing window pixel is cncountcrcd.  Window pixels arc
I cad and digitimd at a muclI  slower low-noise rate, 011 the order of’ 50,000 pcr second. ‘I”hus, a nm~apixcl-clas$  CCI)  can bc
I cad out, w’itllout  compromising significant data cotltcnt, in lCSS  than a tenth of a second as compared to tllc 10 or more
seconds that would bc required if the entire read-out Occurl-cd at the lcw-noise dip,i[iz,ing  rate.

No]lctlwlcss,  it remains ncccssary  to clock out all the CCIJ pixc]s  in order to reach the fcw that arc of intcrcs[  and to switch
back ancl fo~ (h bclwccn  high-and low-speed read-out protocols as por(ions  of various ~vindows arc cllcountcrcd.  ‘l”his
lcquilcs  both power and coordination, Moreover, thousands of low-loss charge transfers musl still bc cffcctcd tllrou~ll  fixed
cmc-way paths to IIIOVC pho(ogcncratcd charge from a window pixel to the CCI)’S output amplifier.

As c]iscusscd  earlier, in-pixel active c]cmcnts  allow random access to each pixel of all AI’S array and tlwrcby complc[cly
clinlinatc  tllc  above issues. l]ldividual  windows can bc acccsscd  and read out as Mocks  ill a rcpctitivc prcxcss,  siluplif~’in~
both the control and data sloragc functions. }’ixcls outside the windows arc left undis[qrbcd Charge transfer cfticicncy :ind
the possibility of “thckagcs”  arc inherently non-issues bccausc  no charge is being tran:$f’rred.

]’~si(  ion-specific exposure cfmlro!

l;xposu~c  tin]c  for a CCI)  is gc.clcrally dctcrlliincd  by a desire that the. brig) itcsi sig!lifical~t  pixel in the allay  contain a full
Jvcll of ])lloloclcc(rolls. 1 ,css than a full }vcll rcpl-cscn[s  a (pf csumably)  ulll]cccssary’  sac] ificc of sigila]-to-noise ratio atld,
}vi[h  it, cclltroiding  accuracy. More than a full }vcII, or blooming, produces a dccidcdly  nonlinear plateau in the pixel’s
pl]o(otc.sponsc  and ]nay also Icsult  in cxccss clcctrom  spilling OVCI into adjoining pixels. Oncc again, this }Ias a nc~a[ivc
in]pact on ccntroiding  accuracy.

Of ccmrsc, if tllc  brightest pixel co]ltains  a full WCI1  of electrons, o(hcr pixels will col]taill  sigllifica]ltly  lCSS  and will
thctcforc  exhibit miuccd  sigual-to-noise ratios and poorer ccntroiding  accuracies. This means that cilllcr tllc tracker ficld-
of-vicwr musl bc sixcd to assure that the required number of tracked s[ars all al-c toughly conlparablc  ill ]nap,nitudc  or that
otllcr  tlackcr  parameters must bc chosen so that Ihc degraded ccntl-oid / at(itudc  clctcrlnination  accuracy associated }vitl]
diml]lcr  p,uidc stals is nonclhclcss  sufl-lcicllt  to fulfill the spccificd  pointing ]cquirclncnts.



A~,ain, A1’S  arrays may well bc able to avoid these rcstrictiol)s  by allowing Positioll-specific exposure COIIIIO1,  l’or cxanlp]c,
iII IIK \\ril)dowing  mock, exposure control  could bc ctl”cctcd on a }~ril)do~}’-t)y  -~~’i]ldot~’  basis. ‘]’his control is enabled by the
]andom-access, non-dcslructivc  mad-out characteristic of AI’S pixels.

Silllplificd  pixel sl!!!~mi~l~ for ]]~l!lli-rcsoltlli~l~  processing

‘1’hesc  same chal aclcristics  cm significantly simplify the process of pixel-smming often associa[cd  with data compression
and/or  ]l]tllti-rcsol~l[io]~ imaging. Pixel-sulnming is sinqdy the addition, either analog or digital, of the co]ltcnts of t)i’o o~
11101  c adjoining pixels, rcsul[ing  in a lower rcsolut ion, but more compact rcprcscntation  of the imaf,c  captured try (1w
cictcctol  allay.

‘1’lIc dcsiruct  ivc nat ul c of a CCD read-out dictates that pixel-summiug bc either a rcpct it ivc analog process, involving as
]IM]iy exposures as summing ICVCIS, or a digital process in which lhc full image as ~vcll as tllc results of successive sulmninp,
filters arc stored in digital memory. NO(C that  this type of processing essentially requires tl~at tllc entire CC1> be mad at the
til]lc-co]ls(]l]lil]~, low-noise digitizing rate.

11) cent ras[, the non-dcst  ruclivc,  random-access nat urc of AI’S read-out allows tllc  sensor arlay to serve as its owm hig,ll-
lc.solu[io]l  ilnagc buffer and thereby support rcpcatcd,  ]l~~]lti-rcsollltio~l  analog or digital ploccssing  of the data oblaincd ill a
single exposure. l’hc Al% thus enjoys the bcnc.frts  of tl]c CCD digital  pIoccss witl~out incul i ii~g tl}c CCI>’S speed o]
]IIcmoIy penalties,

Si mpl i fled and/or  accclcratcd  “b~~h.n  idl~lt  ificat ion

l’rackers al c fymcrally  designed to spread the image of a star over several pixels {o allow sub-pixel cent roid dctcl-rnination,
of[cn at the lCVC1  of 0.1 to 0.01 pixcls4’6. A star  image cmtlncd entirely }vitllin  a sing]c  pixel woulcl restrict the ccnlroid
resolution to S 1/2 pixel.

“Illob” idcntitication  is the process of collecting data from adjoining pixels to dctcminc the approximate locations and
boul&rrics  of cold iguous  objects withil~ the, detector’s field of view. in tllc COntcxi  of star trackers, this is basically a matlcI
of sor(in~ pixels inlo “haves”, which contain more than a certain number of photoelectrons, and “have ]iots” and then
idclitifying  groups of adjoining “have” pixels as potential star images. C)JIC is also well-advised to make certain that a blob
is not indeed a blob, i.e. an cxtcndcd  object such as a p]anct or a star cloud, which is likely to confuse the tracker’s star
idc]l[ifica[ion/attitude determination sofkwarc.

III a CCI)-based tracker, the have or have not data for blob identification can bc obtaibcd by applying a threshold to a full-
fl a]nc pixel-by-pixc] read-out of the CC1). 1,ocations of “have” pixels arc stored in mcl~;ory for usc by the blob algol-itllm.

All AI’S al ray may offer simpler and/or faslcr  appr’oachcs  to blob identification. For example, the simplified pixel sumrnin~
capabilities of an AI’S arlay could bc exploited by using a coarse (pcrl]aps  32 x 32) sutn]ni]lg filter to scan tllc a[fay for
l]rig,l]tcr-tlla  l]-a~’cragc areas and tllcn app]ying  succcssivc]y  tincr liltcrs  ~vi(hi  II those areas to idc]di~  blobs.

NCIV 01 improved capabjlilics  enabled by flexible pixc] and/or array gcomctrics

‘1’l~c “bucket brigade” nature of (X2) char-gc transfer n}ilita(cs  in favor of a rectangular CCIIS.  Sigl]ificallt  variations ill ccl]
siz.c or forin factor would produce corlcsprmding  variations in appaicnt  pliotoscmitivity  alld/or  cl~ar~c  transfer cflicicncy
c.p,, a sll~allcr  CCII would clip tllc attempted tramfcr of a full well from a larger CCII).  lli:,h uliiformity  in the CCIIS’ folm
faclols  in tllclcforc  critical in lli~ll-])crforll]allcc  CCl)s. ‘J’llis ]Iccd for lli~h unifonl~ity, combiucd  with the sin]p]c
Xcolllctlic:il  fil~t Illat OI1lY triaw~cs,  rcctawlc$  or IIcxagolls  call bc used to rcpditivcly  tile a plane, all but dictates the usc of
lcctail~,ular  cells and arrays.

‘1’lic~c  al c, of course, cxccptiom  to this rule. Annular gcomctl-y CCDs,  con]priscd  of a si@c  ring of ul)iform arc sc~n]cnt
CCIIS, alc comlncrcially  availab]c. llowcvcr, these arc essentially linear ra(llcr tlian tivo-dill]c]~siol]tll  anays and arc
tlmcforc  of lil[lc  interest in the contcxi  of this discussion. “l, og-polar”  ((;1)s, rcaliz,cd  as concc]][ric 64-sc~,Il)cI)t  lin~s  of



?0 ~l.l,c~c  ~,lays  pay for tlkcir no]) -uniform CCII Sll”uC~uICcxponmtially  inc[c.asing  wid[h, have bc.cn dc.vclopcci by Llniv. Penn .
by subdividing laI-gC  cells into smaller, more con~patiblc  ones, al[anp,ing  the output shift  rcgis(cr  so Illai tllc  largest CC1lS  arc
closest to the output and thcrcforc  arc not clipped in IIIC transfer process, varyilw  tlIC Ah) gain as a function of readout
position, etc.

Random pixc] access aud indcpcndcntly  cxmtrollablc  pixel gains make it possible. for A1’S detectors to usc non-rcctanp,ular,
variab]c  gcomct[y  pixels arlangcd  in nowrcctangulat,  non-uniform arlays. As noted above, the MAIt sensor cln~doys
rcgulal  hexagonal pixels’7. la that pa[[icular  application, tlm hcxagona]  pixc]  geometry facilitates the usc of circulal]y
syl~]lllc.tric opclations  such as the Laplacian or diffcrcncc  of (iaussians,  oficn used to pl-ovidc cd.gc extraction in imaSc
ploccssing  Sclmlncs. 1 Icxagonal pixel arl ays have also been sl)own to be supcI  ior to rectangular arrays in ccntroidinp.
applications?] , as manifcslcd  by Icduccd crlc)r lCVCIS  (as much as a faclor  of three), rcduccd  noise sc.nsitivity  and rc.ch}ccd
compu[alional  and sloragc  rcquircmcnts.

Ncw or ill]JlroJ’c~.caJ~abili(ics enabled by in-pixel processing

As s[ar  tr:ickcrs  CVOIVC  into more versatile inslrumcn!s,  capable of identifying ancl tracking not only stars  but also planetary
features, they will radically alter the manner in which scicncc  inshwmcnts  arc pointed and controlled. }’oil]ting  J~’ill  bc
based on objects of interest rather than incrlial  coordinates, clinlinating  many ti]l]c<or~sl]lllil~g,  fuel-w,as[ing n]ancuvcis  as
\vcll as tllc deluge of cxt rancous information that has hcrctoforc  accompanied the date of interest,

l;catu~c rcco.gnition and tracking capability will, of course, require image processing capabilities more akin to those of a
l~unmn being than to a high-resolution can)cordcr. As CMOS VISl fabrication p:occsscs  continue to improve, it will bc
possib]c to place additional processing clcmcnts  inside each without diminishing their fill  factors or other itnporlant
optical/optoelectronic propcr[ics.  ‘1’his }vill  open the door to in-situ analog  processing the incoming, photosignals, allo}ving
the AI’S arlay  to minlic  some functions ofthc human retina.

\Vo~k in this awa is already underway. Caltcch  has cicvclopcd and tcslcd a number of “a[-t iticial”  or “silicon” rc[inas,
fcaturil)g  in-pixel logarithn]ic  and diffcrcncing  anq)lificrs  and resistive nc.twolk  connections to acljaccllt  pixcls22.  2’l)csc
simple features have allowed the silicon rctil)a  to exhibit a number  of the characteristics of human retinas, e.g. edge
cxlt act ioi),  adaptation to stationary in)ap,cs/accent uation of moving objects and susccpt  ibility  to ccrlai[l  types of opt ical
illusion,

‘1’lICIC  atc ]Ilaty  issues that JP1,  has just bcgua to cxp]orc  regarding the usc of lhc aclivc pixel sensor in a slar  tracker, anti
definitive conclusions have not yc[ been rcachcd, Some of these issues arc the cffccl of a reproducible and regular, but ocid -
sl~apcd ])l)otoaciivc  region on the ccntloiding  process, the optical effect of metallic $:cs runninc over tl)c surface of the
i n]ap,cr, and tl)c effect of microlcnscs  on the cent roiciing alp,orithm,  While I1OI)C of these issues arc APS tcchllolog,y  sllow-
s[oppc Is, tl)cy arc imporiant  to the analysis of any imaging systcm using AI’S technology.

4, CONC1/llSIONS

‘1 ‘lc ac[ivc pixc] sensor conccj)t has been prcscntcd. Work on this technology is proceeding in several companies and at
Jl)l,, tlloug,h  the ccntroid  of tllc work is in Japan. in just the fc}v years that have elapsed since this tccllno]op,y  has bcclt
cxplolcd,  rapid improvement has been demonstrated to the point where the fi(urc of 03)s  is called into question, The
})ossiblc applicatiolis  of tllc APS technology to star t Iackcrs  has bccII discussed, While the ciiscussion  is presently
speculation, it appears that there is a wide opportunity for AT’S technology to benefit the star trackcl  co]l)munity.  J]’], is
co]llil]ui])g  its cfl’orts to better understand AI’S tccll]]ology  dcvclopcd in i]ldus[ry,  as WCII as explore C,MOS AI’S struc,turcs
:IIK1 tllcil- application to guidance and navi~ation.

‘Il!c autllols  arc fyatcful  to many of thcil col]cagucs at JI’I, and in tllc  inla~c  sensor Comlllul]ity  for cilliglltcnil]r,
ciiscussio])s.  ‘1’i~c authors app]cciatc  the suppol”t of V. Sarohia  of J} ’I, aT]d W. IIudsol]  of NASA }Ica(iquarlcfs.
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